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Microwave coupled electron tunneling measurement of Co nanoparticles
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We study electron tunneling through Co nanoparticles in the presence of repeated
microwave pulses at 4.2K. While individual pulses are too weak to affect the magnetic
switching field, repeated microwave pulses start to reduce the magnetic switching field
at 10µs spacing. We use I-V curve as a thermometer to show that the microwave
pulses do not heat the sample, showing that magnetization in Co nanoparticles is
directly excited by microwave pulses, and the relaxation time of the excitation energy
is in the range of microsecond.
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In the past decade, magnetic nanoparticles have generated great interest because of their
novel behavior and potential importance in further miniaturization of magnetic storage.
Difficult experiments have been carried out to study the electronic and magnetic properties
of individual magnetic nanoparticles1–11. Some of these experiments4,6 focus on electron
tunneling measurements of discrete energy levels of the nanoparticles. Rich phenomena re-
vealed by these experiments, such as hysteretic energy levels shifts in external magnetic field,
and abundance of low-energy excitations, motivated a lot of theoretical effort to describe
the physics of nanoscale ferromagnetic systems12–15. These works improved the understand-
ing of ferromagnetism and tunneling transport in nanoparticles. On the other hand, some
experiments are performed to directly investigate the magnetization of nanoparticles using
magnetic force microscopy1 and microSQUID (micro superconducting quantum interference
device)2,3,5,8,9,11. Radio-frequency (RF) field pulse can reduce the magnetization switching
field of a Co nanoparticle, and ferromagnetic resonance at low temperatures can produce a
bimodal distribution of the switching field.8,11
In this letter, we present a technique to study the effects of nanosecond microwave pulses
on magnetic hysteresis loops of Co nanoparticles, by electron tunneling. We confirm that
the heating effect on the sample due to the microwave pulses is very weak by using the I-V
curve as a thermometer. Thus, the microwave field couples directly to the magnetization of
the nanoparticles. We find that the magnetic energy delivered by individual pulses into the
nanoparticle dissipates on the time scale of several microsecond. Our technique combines
both electron tunneling and microwave pumping, and can be used to explore magnetic
properties from tunnel spectroscopy as well as magnetization dynamics.
Our samples are prepared by electron beam lithography (EBL) and shadow evaporation,
similar to the technique described previously16,17. First, a Poly(methyl methacrylate) bridge
is defined by EBL over SiO2 substrate. Next, we deposit 10nm of Al at 2 × 10
−7 Torr base
pressure along direction 1. Then, in the same direction, we deposit 1-1.5nmAl2O3 by reactive
evaporation of Al16, at a rate of 0.35nm/s. The oxygen pressure is kept at 2.5 × 10−5Torr
for 10-20s in the evaporation process, so the edge of the Al lead is also slightly oxidized.
After that, we shut down the oxygen flow. When the pressure decreases to 10−7 Torr range,
we rotate the sample by 32◦ and deposit 0.5nm Co along direction 2. At 0.5nm thickness,
Co forms isolated nanoparticles with 1-4nm in diameter and spaced by 2-5nm4. Finally,
we deposit another 1-1.5nm Al2O3 layer by reactive evaporation and top it with 10nm Al
2
FIG. 1. (a) Sketch representing sample fabrication process. (b) Scanning electron micrograph of
a typical device. The scale bar indicates 0.2µm. (c) Scheme of electrical circuit. Inset: Fourier
spectrum of repeated microwave pulses.
(Fig. 1(a)). In each sample, there are two tunnel junctions with Co nanoparticles embedded
in Al2O3 insulating matrix. The tunnel junction is formed by overlapping the finger like
lead and the stripe like lead, as it is shown by Fig. 1(b). In this letter, the number of
nanoparticles in each junction is much larger than one. Due to the exponential dependence
of the tunnel resistance on barrier thickness, only a few nanoparticles contribute significantly
to transport, as will be shown. The Al strip lead is also used to apply the microwave pulses
to Co nanoparticles. Fig. 1(c) displays the circuit scheme of the experiment. During the
measurements, DC bias voltage is applied to one tunnel junction while the other one is left
open. The microwave leads are coupled to the cable via two 1-3pF capacitors to electrically
isolate the microwave circuit.
Repeated nanosecond microwave pulses are applied in the experiment. The microwave
is generated by Agilent 83640B at a fixed power output level. The center frequency of
the microwave is 5.3GHz which is in the range used in Ref. 11 . The spacing between
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FIG. 2. (a) Average I-V curves at 27K, 16.6K, 13.1K, 9.3K, 5.8K, and 4.2K (from top to bottom
at positive bias voltage). (b) Average I-V curves at Ts = 1000µs (red/solid line) and 1.25µs
(black/dashed line).
pulses (Ts) is varied from 1000µs to 0.33µs using pulse modulation and SR-DS345 arbitrary
waveform generator. The average single pulse duration is ≈ 8ns according to the statistics of
real time measurements using microwave power detector and Lecroy 9370 oscilloscope. The
calculation based on the Fourier spectrum of pulses taken by HP 8590E Spectrum Analyzer
(inset of Fig. 1(c)) also shows a similar pulse length.
First, we confirm that the microwave pulses applied have a negligible heating effect on
the sample, by measuring the I-V curve of the sample. Fig. 2(a) displays the I-V curves at
different temperatures, from 4.2K to 27K. At higher temperature, the current at certain bias
voltage is higher than it is at lower temperature. Then, we measure the I-V curve at 4.2K
under repeated microwave pluses with different Ts, as shown in Fig. 2(b). Each curve in
Fig. 2 is an average of 2-5 voltage cycles18. The I-V curve at Ts = 1.25µs is nearly identical
to that at Ts = 1000µs, indicating that the heating effect of microwave pulses with spacing
equal or larger than 1.25µs is still negligible.
Next, we measure the tunneling current through nanoparticles versus magnetic field in
presence of repeated nanosecond microwave pulses at 4.2K . We fix the bias voltage at
10mV across the sample while sweeping the magnetic field and the results at different Ts
4
are displayed in Fig. 3(a). We also measure the current hysteresis loops with the same bias
voltage at different temperatures for comparison (Fig. 3(b)). Each loop displayed in Fig.
3 is averaged over 8-40 field cycles, while the one at 1000µs spacing is averaged over 700
cycles. Current loops with finite Ts and 7K are offset down with 4pA spacing for clarity
19.
The current shifts with magnetic field are hysteretic with respect to the direction of the
field sweep. The magnetoresistance (MR) in our samples is attributed to the magnetic
field dependence of the discrete energy levels. This dependence has been studied in Refs.
4 and 6 where the magnetic anisotropy energy was found to have a significant contribu-
tion. We have confirmed such dependence of the levels in our sample at dilution refrigerator
temperatures20. The dependence of the levels on the applied magnetic field leads to MR at
low temperature where the levels are well resolved. At 4.2K, energy levels broaden but some
MR still remains20. In addition to the field dependence of the levels due to the magnetic
anisotropy, magneto-Coulomb effect21–25 may also contribute to the MR in our devices. So,
the transition from low(high) current to high(low) current state during the sweep of mag-
netic field suggests magnetization reversal in Co nanoparticles. The width of the magnetic
transitions in Fig. 3 arises from averaging of the hysteresis loops over many field cycles. In
individual hysteresis loops, the magnetic transitions are discontinuous, and switching field
of the transitions fluctuates among different field cycles19. Since different nanoparticles are
likely to have transitions at different fields, the small number of magnetic transitions shows
that the number of nanoparticles involved in transport is small. One transition indicated by
cross in Fig. 3(a) is observed in all hysteresis loops. Another transition indicated by star in
Fig. 3(a) is also clear except in the loop at Ts = 1.25µs.
When Ts = 1000µs, the hysteresis loop is nearly identical to that without microwaves,
showing that a single microwave pulse is too weak to magnetically excite the Co nanoparti-
cles. Reductions in switching field of the magnetic transitions are observed when the spacing
is below 10µs, suggesting microwave triggered switch8,11 (Fig. 3(a)). Fig. 3(b) shows the
similar reduction effect due to thermal fluctuation26,27. At 1.25µs spacing, the switching
field of the transition indicated by cross is reduced by ≈ 40% compared with that at 1000µs.
The reduction of the switching field caused by a temperature increase from 4.2K to 7K is
much weaker than 40%. The electron temperature in the leads at Ts = 1.25µs is estimated
to be ≤ 4.4K from the I-V curve (Fig. 2(b)) . Similarly, the decrease in the switching
field of the transition indicated by star when Ts = 2.5µs is larger than that at 7K. These
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FIG. 3. (a) Average current loops at 4.2K when Ts = ∞ (no microwave), 1000µs, 10µs, 5µs, 2.5µs,
and 1.25µs (top to bottom). The right and left arrow corresponds to increasing and decreasing
magnetic field respectively. (b) Average current loops at 4.2K and 7K (top to bottom). Current
loops with finite Ts in (a) and 7K in (b) are offset down with 4pA spacing.
results demonstrate that magnetic excitations in Co nanoparticles are pumped directly by
microwave pulses, not by ordinary sample heating. The reduction of switching field is still
observable at 10µs pulse spacing, which implies that the magnetic energy delivered by a
single pulse does not completely dissipate in 10µs. This suggests that the spin relaxation
time in our Co nanoparticles is in the order of microsecond. Long lower bounds of the
spin-relaxation time T1 in Co nanoparticles have been observed before.
6,10,20 The work in
this letter narrows down T1 at 4.2K to the microsecond range.
We can use the I-V curve to estimate the magnetic field at the nanoparticle due to the
RF current. The broadening of the I-V curve by the microwave pulses becomes visible in
our measurement when the spacing between pulses is 0.33µs (not shown). We also induce
broadening of the I-V curve by injection of a continuous AC current at frequency 1.2kHz,
instead of microwave pulses (after shorting the capacitors). The amplitude of the AC current
Iac can easily be determined using a standard lock-in technique. We use a low frequency
transformer to isolate the AC circuit. Then we measure the I-V curve at different AC current.
By matching the I-V curve at different Ts and Iac, we can find the power of microwave pulses
6
with certain Ts from the amplitude of corresponding Iac. Based on this result, we can solve
the equations, I(t) =
∫
∞
−∞
I(f)eı2pift df , P (t) = RI2(t), and
∫
∞
−∞
P (t) dt/Ts = RI
2
ac, where
I(f) is the current density of frequency and P (t) is the power of a single pulse. Under the
assumption that |I(f)|2 is Gaussian distributed according to the Fourier spectrum, we obtain
the expression for microwave induced current I(t) in time domain after Fourier transform of
I(f). Then, we can find the amplitude of I(t) by plugging this expression into the second
equation. The amplitude of the RF-field on the nanoparticle is estimated to be ≈ 5×10−4T
from the lead geometry and I(t). If a white noise instead of microwave pulses is coupled to
the sample, the damping parameter of Co nanoparticles could be estimated by corresponding
the applied random magnetic field with the one obtained from magnetic thermal noise27.
This will be the subject of future work.
In summary, we measure the hysteresis loops of Co nanoparticles in presence of nanosec-
ond microwave pulses by electron tunneling and demonstrate that microwave pulses can
pump magnetic excitations in these nanoparticles directly, without heating the leads. The
magnetic switching field is reduced by repeated pulses with spacing ≤ 10µs, suggesting
that magnetization relaxation time is in the range of microsecond. The method we used in
the experiment provides a possible way to measure the magnetic damping parameter and
magnetization dynamics of Co nanoparticles.
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Raw data for Fig. 2. (a) All I-V curves at 27K, 16.6K, 13.1K, 9.3K, 5.8K, and 4.2K
(from top to bottom at positive bias voltage). (b) All I-V curves at Ts = 1000µs (red) and
1.25µs (black).
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Raw data for Fig. 3. (a) All current loops at 4.2K when Ts = ∞ (no microwave), 10µs,
5µs, 2.5µs and 1.25µs (top to bottom). (b) All current loops at 4.2K and 7K(top to bottom).
The loops with finite Ts in (a) and at 7K in (b) are offset with 4pA spacing. (c) Data of (a)
before offset. (d) Data of (b) before offset.
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